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Introduction
Kinematics refers to the positions of the various body segments and joints as they move with time, including their linear and angular velocities. Kinetics refers to the forces, moments (torques) and powers responsible for the motion. Although the kinematic changes of limbs during motion can be used to visually assess the gait of horses by a clinician, the joint torques/moments and joint powers related to the kinetic changes can provide the clinician even more information on this subject (Clayton et al. 2000) because these kinetic variables describe what is happening in the muscles to cause the joint motions observed. These joint torques and joint powers can be obtained from the kinematics by a process known as inverse dynamics, in which a mathematical model of the limb is derived according to the simple laws of mechanics (Newton-Euler equations; Craig 1995).
Using inverse dynamics to calculate the net joint moments and joint power from the knowledge of the kinematics, ground reaction forces, morphological data, and a link-segment model have been performed by several researchers (Schryver et al. 1978; Hjerten and Drevemo 1987; Clayton et al. 1998; 2000; Colborne et al. 1998; Lanovaz et al. 1999; Lanovaz et al. 2001) . The complex structure of the limbs is simplified by representing the limb segments as rigid bodies linked by simple hinge joints. These studies assumed that the model is purely two dimensional with the segments of the horse moving in the sagittal plane. The joint torques and joint powers have been used for evaluation of mechanics and energetics of lameness in horses and to measure effects of superficial digital flexor tendonitis (Clayton et al. 2000) . Abnormal gaits are inefficient and are associated with an overall increase in energy expenditure. Specific gait abnormalities can cause substantially characteristic alternations in the shape of the moment and power profiles as well as changes in the amount of energy absorbed and generated at the joints.
In fact, all motions that occur in most anatomical joints involve three-dimensional (3D) movement which is described by six independent coordinates or degrees of freedom, i.e. three rotations and three translations (Craig 1995) . A complete understanding of 3D joint moments and powers is important in the diagnosis of joint disorder resulting from injury or disease (Clayton et al. 2000) , in the quantitative assessment of treatment, and in the general study of locomotion ).
The primary objective of the study reported here was to provide a full three-dimensional inverse kinetic analysis of horse forelimbs at trot, which has not been investigated previously. And the second objective was to testify the hypothesis that if the kinetics outside the sagittal plane was significant large compared with that within the sagittal plane.
Materials and Methods
Horses With approval of the institute's Committee on Animal Use and Care, four sound horses were used in the study. The physical data for the subjects are as follows: mass is 43363kg; length of radius, cannon, pastern and hoof are 36913mm, 28216mm, 1149mm, and 805mm, respectively; speed is 3.130.15m/s; stride duration was 70616ms; and stance is 43.52.4% of total stride duration.
Data Collection
To record the kinematics of forelimb of horses, three skin markers were used for the humerus and pastern segments, while bone pin triad markers were used for the radius and cannon segments. The horses were led at the trot along a runway. Three-dimensional trajectories of the markers were recorded at 120 Hz using a videocamera analysis system 1 . At the same time, a 60120cm force platform 2 embedded in the middle of the walkway was used to collect ground reaction force (GRF) data. Forces in three directions and location of center of pressure were recorded for each trial with a sampling frequency of 1000Hz. The joint kinematics were calculated in terms of helical angles (Grood et al. 1983; Woltring 1994) between two segments by using a singular-value decomposition method (Soderkvist and Wedin 1993).
Model of Forelimb
The right fore limb was simplified as a link model with four segments, i.e. radius, cannon, pastern and hoof. Each joint, i.e. elbow, carpus, fetlock and coffin, has six degrees of freedom (DoF), i.e. three translations and three rotations. Note that the local co-ordinary system (LCS) for limb ( Fig. 1a) and model (Fig. 1b) are different with the directions except for the elbow joint. The model with total 24 DoF was built by using the Robotics Toolbox for Matlab. In the LCS for limb: x indicates the cranial (+)/caudal (-) and abduction (+)/adduction (-) axis; y indicates the medial (+)/lateral (-) and flexion (+)/extension (-) axis; z indicates the proximal (+)/distal (-) and internal (+)/external (-) rotation axis. The arrow points towards the positive direction of translations and the rotation direction follows the right-hand rule (except for elbow joint's flexion (-)/extension (+)). In the LCS for model, the kinematic variables outside of brackets, such as , represent translational motion, the arrow points the positive direction of the motion; the variables inside the brackets, such as , represent the rotational motion. The symbol , end of arrow, indicates the direction of general rotational motions in the LCS for model. Except for the internal/external rotation of elbow joint and abduction/adduction for other three joints, the directions of all other rotational motions follow the right-hand rule. Before and after performing the calculation of inverse kinetics, some kinematic and kinetic variable signs need to be changed. The results plotted in the figures were in the LCS for limb (i.e. Fig. 1a 
Calculation of Net Joint Torques and Power
The segmental parameters, such as mass location of center of mass, and inertia were determined from published data (Buchner et al. 1997) . The segmental data were combined with joint position (Fig. 1) , velocity (first order derivative of position), acceleration (second order derivative of position) and GRF to obtain the joint torque/moment and contact force for elbow, carpus, fetlock and coffin joints via recursive Newton-Euler method by using Robotics Toolbox for Matlab 3 . The joint power is calculated as the product of joint torques and the joint's angular velocity. All variables were expressed in the distal segment anatomical fixed coordinate systems, i.e. in LCS. The consumption of energy during the motion is equal to the work done by horses during the motion, and it can be computed by integrating the power over the time span of motion. The power can be computed as the product of joint torques and the joint's angular velocity. If the joint torque acts in the same direction as joint angular velocity, the power is positive which means energy generation and the muscles perform positive work in which the muscle shortens during muscular contraction (concentric). If joint torque acts in the opposite direction to joint angular velocity, the power is negative which means energy absorption, and the muscles perform negative work in which the muscle lengthens (eccentric) as it generates tension. Energy absorption occurs when the muscles control joint motion in opposition to the influence of gravity or some other external forces. The work performed (energy expended) over a period of time by the muscles and tendons that cross a specific joint is calculated by integration of the power curve with time. This yields the energy absorbed and the energy generated (Clayton et al. 2000) . All measurements were normalized by the mass of horses.
Statistical Analyses
Mean values for joint position, velocity, and acceleration were calculated for all horses (n=4). Mean values for GRF (n=5 at least) were calculated for each horse. Data sets were time normalized by piecewise cubic spline interpolation. The power curve was integrated to determine the mechanical energy generated and absorbed at each joint. Total energy generated and total energy absorbed at each joint was determined by summation. Group mean values and s.d. for each measure were calculated for the four horses.
Results
The mean (n=4) and s.d. of the range of torque and power and energy/work during stance and swing phases were calculated in the LCS of joints. The curves of mean and s.d. of joint moments, contact forces and powers of joints were plotted in Fig. 3 and 4. The mean and s.d. of joint torques (moments) and contact forces at special points (maximum and minimum) during stance phase are listed in Tables 1 and 2 . Compared with other two rotations, the torque for internal/external rotation was small for every joint. But the torque for the adduction/abduction was large relative to the torque for the flexion/extension and even larger than that of the coffin and elbow joints.
From Fig.3 , it is clear that the large contact forces occurred during the stance. As were known, the contact forces of joints during swing phase are due to the weights and inertial loads of segments while the contact forces during stance phase are not only dependent on the weights and inertial load of the body and segments but also on the ground forces. The contact forces of joints are dependent on the ground forces during horse trotting by comparing the contact forces during stance phase and swing phase. Due to the vertical contact force being mainly dependent on the weight, the vertical contact force of each joint was in the same level in magnitude and similar patterns as the vertical ground force only with the direction being opposite. Although there was a small ground force in medial/lateral direction, there was a relative large contact force in medial direction for each joint due to the abduction/adduction and internal/external rotation of the joints. The cranial/caudal contact forces of joints were generally small in magnitude except for the coffin joint. All cranial/caudal contact forces of carpus, fetlock and coffin increased from zero at the beginning of the stance phase to the maximum value then decreased to zeros at the end of stance phase. While the cranial/caudal contact force of elbow increased from zero at the beginning of the stance phase to the maximum value at about 20% of stance and decreased a little bit in magnitude kept the value to the end of stance phase. It is the contact force of elbow in the cranial/caudal direction that keeps the body of the horse moving forward.
The energy expenditure and the net energy by each joint are shown in Table 3 . During stance phase, elbow and coffin joints generate energy while the carpus and fetlock joins absorb energy. Whereas during swing phase, except for elbow joint the other three joints absorb energy. The energy contribution by each joint was shown in Table 4 . Table 4 shows that the energy generated by all joints during stance and swing phases are about same, i.e. 53%3% and 47%3% of the total energy generated by all joints during a full stride respectively. During the stance phase, the most energy generated was generated by the elbow, which is about 60%2% of the total energy generated by all joints. The second most was by fetlock and it is about 30%2% of the total energy generated by all joints. The least was by coffin and it is only about 2% of the total energy generated by all joints. The energy generated by carpus during stance phase is about 8% of the total energy generated by all joints during stance phase. The most energy generated during swing phase was by elbow, and it is about 88% of the total energy generated by all joints during swing phase. While the other three joints generated the same amount energy by carpus, fetlock and coffin with 6%, 3% and 3% of the total energy generated by all joints during swing phase.
Table 4 also shows that the energy absorbed by all joints during stance phase and swing phase are about same amount in quantity. They are about 48%2% and 52%2% of the total energy absorbed by all joints over a full stride. During stance phase, the most energy absorbed was by fetlock, which is about 58%1% of the total energy absorbed by all joints. Elbow and carpus absorbed the same amount energy that is about 18% of the total energy absorbed by all joints. Only about 6%2% of the total energy absorbed by all joints was by coffin joint. During swing phase, carpus absorbed the most energy that is about 71% of the total energy absorbed by all joints. Elbow, fetlock and coffin absorbed 9%, 18% and 3% of the total energy absorbed by all joints respectively.
Discussion
A full 3D kinetic analysis to the elbow, carpus, fetlock and coffin joints of the right forelimb of sound horses at trot was performed. The results presented here are obtained from a fairly uniform population of horses and the findings may vary somewhat in horses with a different conformation and size.
The musculature that drives the limb has a complex geometry and many mechanical and material properties that are difficult to quantify. In order to study the effect of muscle action without defining all of the specific parameters of the system, the net muscular action within the limb is represented in the model as net torques or net joint moments acting at each of the joints. Realistic inertial parameters such as mass and moment of inertia are assigned to each segment of the model. Kinematic data and GRFs are measured and used as inputs to the model. An inverse dynamics solution is used to calculate the torques required to cause the observed motion and forces. This net effect of muscle action derived from the model can be applied in both clinical and research settings to study the function and dysfunction of the limb at the different joints (Buchner et al. 1996; Clayton et al. 1998) . Additional information can be added to the model to increase the level of sophistication. For example, knowledge of the orientation of anatomic structures such as the line of action of tendons can allow for a more detailed estimation of internal muscle and tendon forced (Riemersma et al. 1988; Jansen et al. 1993) .
Net joint moments indicate the summation of all muscle activity and do not distinguish between contributions from different muscle groups. It is prudent to avoid over interpretation of the net values unless electromyography data are collected simultaneously with kinematic and GRF data. Many of the muscular and tendinous structures responsible for moving and stabilizing the equine forelimb segments cross more than one joint. Therefore, complex relationships exist between the movements and moments at different joints ).
In the analysis of energy expenditure, the relationship between mechanical and metabolic energy should be considered (Clayton et al. 2000) . Concentric muscle contraction leads in generation of mechanical energy, whereas eccentric muscle contraction leads in absorption of mechanical energy. Concentric and eccentric muscle contractions use metabolic energy.
In summary, a full 3D kinetic analysis to the joints: elbow, carpus, fetlock and coffin of right front limbs of sound horses at trot have been reported in this paper. The kinetics outside the sagittal plane was significant large and could not be ignored compared with that within the sagittal plane. The results could provide for a more sensitive measure for kinetic analysis. Table 2 The kinematics of joints used in the inverse kinetics for each horse. Letter "Y" means the kinematics of joint was used. Sign of
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